lectrosurgery is a common surgical technique for tissue ablation; the by-product, surgical smoke, contains a variety of chemical and biological particles known to be potentially hazardous. Surgical smoke is a by-product of the heat produced by electrosurgical tools causing vaporization of protein and fat (Ulmer, 2008) . For example, at 45°C, cellular proteins are denatured; at 90°C, liquid evaporates; and at 200°C, tissue is carbonized (Massarweh, Cosgriff, & Slakey, 2006) . Consequently, these temperatures cause gaseous by-products. Furthermore, research has also demonstrated that the temperatures produced by electrosurgical techniques can also create various end products. For example, higher cautery temperatures produce greater amounts of hazardous chemical components in the smoke; lower temperatures produce more cell particles (Barrett & Garber, 2003) . Research has also revealed that different electrosurgical techniques produce different amounts of surgical smoke. For example, cautery produces more surgical smoke than laser or ultrasonic scalpel (Krones et al., 2007; Moot et al., 2007; Tomita et al., 1981) . Regardless of the electrosurgical technique, surgical smoke produces and releases a mix of end products, including steam, chemicals, cell particles, viruses, and blood tissue, all varying in particle size and potentially hazardous to health (Andersen, 2005) .
Occupational health and safety theory provides a systematic and structured approach to risk management. Hazards and risks are identified and risks are managed based on control measures from best to least effective (i.e., elimination, substitution, isolation, engineering controls, administrative controls, and personal protective equipment) (Standards Australia, 2004) . For effective risk management, decision making must be based on the best available information so that cost, effort, and benefits are balanced (Standards Australia, 2009) . The need to protect operating room (OR) staff from exposure to surgical smoke is well established. Yet, this article posits that literature and research regarding surgical smoke are scant and fragmented. This article further posits that although the identification of hazardous chemicals in surgical smoke is well studied, the potential exposure to surgical smoke and subsequent ability to produce illness in humans is not as clear-cut. This article is not a polemic; its aim is to provide readers with a collective overview of the studies regarding the hazards of surgical smoke and the risk to OR staff so that risk management can better control these hazards.
METHODS
The objective of this article is to provide a review of the research literature from 1981 to 2011 that has reported the hazardous nature of and exposures to surgical smoke. Medical, nursing, and occupational health and safety databases Medline, CINAHL, Scopus, and PubMed were searched using the following key words: surgical plume, diathermy plume, diathermy smoke, and surgical hazards. National and international websites and government reports and proceedings were also searched for related information. Moreover, articles were selected if they met the following criteria: peer-reviewed research, substantive review, and non-English study if translated into English. Excluded from the study were opinion articles, reviews that had not systematically examined the evidence, and articles published in languages other than English.
RESULTS
Forty-two research articles met the criteria for inclusion in the review. Search results are summarized in chronological order in Table A , which appears as supplemental material in the online version of this article.
Description of Studies Examining the Nature of Surgical Smoke
Of the 42 articles reviewed, 13 articles reported the chemical composition of surgical smoke, 22 reported the biological composition, and 7 reported the concentration of particulate matter. Only eight of these articles compared chemical levels against exposure standards. In terms of electrosurgical modalities, 18 of the 42 articles reported using electrocautery to capture surgical smoke, 11 reported using laser, 5 reported using electrocautery and laser, and 3 reported using electrocautery, laser, and harmonic scalpel; 5 articles did not mention the modality used in the study. The review identified a mix of in vivo and in vitro experiments. Twenty-eight of the 42 articles reported the capture of surgical smoke during actual surgical procedures and 14 articles reported the capture of surgical smoke from tissue or culture studies (in vitro). Two articles reported using live animals to identify the physical damage caused by exposure to surgical smoke. Nine of the 42 articles reported a sample size of 10 or fewer patients, 4 articles reported a sample size between 11 and 20 patients, 6 articles reported a sample size between 21 and 50 patients, and 2 articles reported a sample size of more than 50 patients. Five articles did not report sample size. Of the 42 articles identified, only 5 reported the ventilation standards or air changes per hour (ACH) at the time of the study.
Research on the Hazardous Nature of Surgical Smoke
Information on the hazardous nature of the chemicals in surgical smoke is not new. As early as the 1930s, health-related literature reported the dangers of explosions within the bladder caused by the gases produced by cautery during prostate resections (Bobbitt, 1950; Hambleton, Lackey, & Van Duzen, 1935; Kretschmer, 1934) . Currently, a multiplicity of chemical and biological hazards have been identified in surgical smoke. Surgical smoke has mutagenic effects (Gatti, Bryant, Noone, & Murphy, 1992) . Specific chemicals contain respiratory irritants (Al Sahaf, Vega-Carrascal, Cunningham, McGrath, & Bloomfield, 2007; Sagar, Meagher, Sobczak, & Wolff, 1996) , carcinogens (Krones et al., 2007) , and teratogens (Wu et al., 2011) , affecting bone marrow and cellular and nutritional metabolism (Krones et al., 2007) . It is well established that the chemical composition of surgical smoke varies by the type of tissue dissected. For example, research has revealed that muscular tissue produces aldehyde and ketone; liver and fatty tissue liberates carbon monoxide and hydrocyanic acid (Barrett & Garber, 2003) ; epidermal tissue produces xylene, toluene, and ethyl benzene (Barrett & Garber, 2003; Moot et al., 2007; Wu et al., 2011) ; and prostate resection produces benzene, formaldehyde, carbon monoxide, butadiene, vinyl acetylene, and acrylonitrile (Chung et al., 2010; Weston, Stephenson, Kutarski, & Parr, 2009) . Surgical smoke also contains a variety of cellular particles that could cause infections (Alp, Bijl, Bleichrodt, Hansson, & Voss, 2006) . For example, when tumors in mice and rats were dissected using electrocautery, large quantities of tumor cell debris were detected in the surgical smoke; however, it was debatable whether viable tumor cells can be cultured (Fletcher, Mew, & DesCôteaux, 1999; Nduka, Poland, Kennedy, Dye, & Darzi, 1988; Oosterhuis, Verschueren, Eibergen, & Oldhoff, 1982) . This finding was also the case in humans, with mesothelial cells being identified in surgical smoke during laparoscopies (Champault, Taffinder, Ziol, Riskalla, & Catheline, 1997) . Other researchers have investigated the viability of bacteria and viruses in surgical smoke. During laser resurfacing, Corynebacterium and Neisseria were cultured from laser smoke (Capizzi, Clay, & Battey, 1998) . Human immunodeficiency virus-1 (HIV-1) has been identified in surgical smoke (Johnson & Robinson, 1991) , and HIV DNA has been detected in smoke for 14 days after extraction (Baggish, Poiesz, Joret, Williamson, & Refai, 1991) but has not been grown in tissue cultures (Johnson & Robinson, 1991) . Similarly, some studies have identified human papillomavirus (HPV) in surgical smoke (Garden et al., 1988; Kashima, Kessis, Mounts, & Shah, 1991; Sawchuk, Weber, Lowy, & Dzubow, 1989 ) but others have not (Abramson, DiLorenzo, & Steinberg, 1990) . Interestingly, Garden, O'Banion, Bakus, and Olson (2002) were able to collect viable bovine papillomavirus in surgical smoke and subsequently transfer the tumor growth in cow skin. Yet in humans, viable transfer of HPV and growth was not forthcoming (Garden et al., 2002; Kunachak, Slthisarn, & Kulapaditharom, 1996) .
Research on the Risk of Exposure to Surgical Smoke
In relation to the risk of exposure, the concentration of chemical or cellular particulate in surgical smoke is a critical issue. In one study, a 16-fold increase in particulate matter was identified within 5 minutes of using cautery; the level remained high throughout the surgery (Brandon & Young, 1997) , with peak particulate levels occurring when cautery was used during coagulation (Hollmann et al., 2004) . Brüske-Hohlfeld et al. (2008) also measured surgical smoke during mammoplasty and found that furfural levels were 12 times the recommended exposure limit. Further, the size of particulates is also an exposure risk. Particulates can range from 10 nm to 100 µm (particles greater than 50 µm can be visible to the human eye). However, the smaller the particles, the deeper inhaled into the respiratory tract. For example, particles 7 µm or smaller can be deposited in the alveoli and include viruses and bacteria (Altree-Williams, Altree-Williams, & Marsh, 1998; DesCoteaux, Picard, Poulin, & Baril, 1996) . Concern about respiratory exposure is warranted. Nicola et al. (2002) measured the speed of particles released during CO 2 laser surgery and reported that laser ablation sends particles approximately 1 meter above the ablation origin (i.e., approximately face height).
Exposure to surgical smoke has been shown to physically damage the respiratory system. Two studies on animals revealed decreased ciliary action and increased inflammatory responses in the lungs (Freitag, Chapman, Sielczak, Ahmed, & Russin, 1987) as well as histological lung changes (Wenig, Stenson, Wenig, & Tracey, 1993) . Other studies have reported similarities between surgical smoke and the adverse effects of air pollution and passive cigarette smoke (Barrett & Garber, 2003; Brüske-Hohlfeld et al., 2008; Ulmer, 2008; Weston et al., 2009 ). Furthermore, Ball (2009) reported that OR nurses experience higher rates of respiratory disorders, such as bronchitis, asthma, sinus infections, and allergies, than the general population. However, not all studies support the relationship between surgical smoke and health problems. Data from the Nurses' Health Study showed no correlation between duration of employment in the OR and lung cancer among OR nurses (Gates, Feskanich, Speizer, & Hankinson, 2007) . Also, investigations into the effects of carbon monoxide in patients undergoing laparoscopy and cautery revealed that although carbon monoxide levels were in excess of permissible limits, they did not affect patients' blood concentrations of carboxyhemoglobin (Beebe, Swica, Carlson, Palahniuk, & Goodale, 1993; Esper et al., 1994) , even after prolonged laparoscopic procedures (Nazhat et al., 1996) .
DISCUSSION
A sizeable body of evidence exists regarding the nature of biological and chemical hazards in surgical smoke and postulates that surgical smoke threatens the safety of staff in the OR. Although a reasonable body of research exists on the nature of and potential risks associated with surgical smoke, little substantive data exist about the actual exposure patterns for OR personnel.
Issues in Research Design
Currently, one barrier to risk management decisions might be the over-extrapolation of exposure risk (Barrett & Garber, 2003) . Of the 42 articles reviewed, 14 (33%) were based on in vitro research, obscuring definitive decisions about managing the risk of surgical smoke (Champault et al., 1997; Hensman, Newman, Shimi, & Cuschieri, 1998) because results in laboratory studies and those in studies on actual exposure can differ. For example, Hassan, Drelichman, Wolff, and Ruiz (2006) reported that chemicals were below permissible exposure limits (PELs) during actual surgical procedures, yet the in vitro control revealed high toluene levels similar to other in vitro experiments. Furthermore, differing methods of capturing surgical smoke might also be an issue. An experiment by Ferenczy, Bergeron, and Richart (1990) to trap HPV DNA revealed no viable samples in surgical smoke, whereas other studies were able to do so. According to Ferenczy et al. (1990) , this might be due to the type of capture method used in the experiment. Further to this point, Brandon and Young (1997) believed that point-oforigin suction might only clear 50% of surgical smoke because of suction blockage or ineffective orientation of the suction device, resulting in inaccurate capture and measurement of smoke exposure.
Issues of Sample Size
This article posits that measuring chemical exposure from surgical smoke is integral to the development of appropriate risk management strategies. Twenty-eight articles reported analyzing surgical smoke during surgical procedures, yet this review identified only 8 studies that measured the concentration of chemicals against exposure rates. Hassen et al. (2006) noted that exposure levels might not take into account short-or long-term exposure limits. Moreover, although the collective research on surgical smoke is substantial, the number of studies for each electrosurgical technique is small, an important issue because different modalities produce different chemical and biological hazards. Similarly, different surgical procedures produce different chemical and biological hazards. Thus, when reviewing relevant articles, patient sample sizes should be reported; 13 articles (46%) reported sample sizes of fewer than 20, and 5 (18%) did not report sample size.
Control of Independent Variables
The removal of surgical smoke has centered on the ability of conventional ventilation to reduce contaminants and particles through filtered air ventilation and dilution of particle concentration. Traditionally, the removal of surgical smoke has centered on the use of conventional ventilation and continuous ACH within the OR. Melhado, Henson, Loomans, and Forejt (2006) have identified a worldwide variation among national standards for ACH in operating theaters, ranging from 10 to 25 ACH. The ability of ACH to remove hazardous substances below those of exposure standards was highlighted by Scott, Beswick, and Wakefield (2004) using 20 ACH. Other studies have identified the removal of particulate matter and surgical smoke at rates greater than 15 ACH (Scaltriti et al., 2007; Wan, Chung, & Tang, 2011) . Scott et al. (2004) noted that previous studies might have detected chemical substances because the ACH rates were lower than 20 during testing. Interestingly, standards for newly constructed facilities in the United States now require a minimum of 20 ACH (Novak & Benson, 2011) .
Other issues have the potential to influence exposure or particulate levels in the OR. Kruppa and Rüden (1996) measured airborne particle concentrations during four different ACH (7.5, 10, 15, and 20) in identical theaters using conventional ventilation. The results highlighted little difference in the particle concentrations, but the main independent and influential variable was the number of staff in the OR. Furthermore, Balaras, Dascalaki, and Gaglia (2007) pointed out that for conventional ventilation to work effectively, exhaust grills must be free of obstruction by equipment or furniture. In this review, no studies noted these issues as potential confounders to their results or noted measures taken to control these variables during study.
IMPLICATIONS FOR PRACTICE
The use of specific suction or extraction measures for surgical smoke has been recommended by several health and safety organizations (Association of periOperative Registered Nurses, 2010; Australian College of Operating Room Nurses, 2008; National Institute for Occupational Safety and Health, 1996) , regardless of exposure duration or concentration level. Although this is a sound precaution, due to little evidence on actual exposure levels, widespread adoption of expensive smoke evacuation methods could distract attention from applying alternative solutions to the management of surgical smoke. Currently, little evidence is available to determine actual exposure levels. This lack of evidence is compounded by a lack of research comparing electrosurgical techniques, type of surgery, and ACH. Furthermore, research on exposure levels should take into account possible influential independent variables. Investigating exposure levels with this in mind could produce a more reflexive risk management strategy. For example, exposure levels in some ORs, performing a specific type of surgery, and using a specific electrosurgical technique might be managed using a combination of 20 ACH, minimal staff, and meticulous housekeeping.
CONCLUSION
A body of evidence has revealed surgical smoke to be a potentially serious occupational hazard for OR staff. Studies to date provide a disturbing picture of hazardous chemicals, whole cells, and bacterial and viral particles. However, in reviewing the number and nature of the investigations into surgical smoke, a compelling need for further investigation and research has been identified. In particular, the need for studies on short-and long-term exposure levels, the composition of surgical smoke produced by different electrosurgical techniques, the impact of ACH, and other administrative measures to limit exposure has been established. A research focus on these issues is essential because the cost of introducing suction and extraction equipment for all surgical procedures is prohibitive. Thus, substantive evidence on the nature and extent of the risk is required to inform appropriate protective strategies. 
1
Surgical smoke contains a mixture of hazardous chemical and potentially infectious biological substances that is a potential occupational risk for operating room (OR) staff.
2
A review of research articles on surgical smoke identified a substantial body of evidence identifying the hazardous substances in surgical smoke. However, few studies measured the actual exposure among OR staff.
3
Further research into surgical smoke should focus on exposure levels in ORs, as well as the ability of air changes per hour and other administrative measures to reduce surgical smoke exposure to acceptable levels.
